The partial pressure of carbon dioxide in the flue gas of an Oxyfuel combustion process is significantly increased in comparison with conventional air-blown firing. Depending on the moisture content of the fuel and the type of flue gas recirculation (either wet or dry), the partial pressure of water vapor varies for Oxyfuel atmospheres. The calculation of the heat transfer by radiation in a furnace requires an accurate modeling of the optical properties of the flue gas. In order to reduce the computational effort in engineering calculations, the band radiation of the gaseous combustion products is approximated as a weighted sum of one clear and one or more gray gases. The partial pressures of carbon dioxide and water vapor of an Oxyfuel atmosphere exceed the range of published weighting factors and absorption coefficients. These have been developed for air-blown combustion with a high concentration of non-radiating nitrogen in the flue gas. New parameters for a weighted sum of one clear and four gray gases were determined in order to allow for the higher concentration of carbon dioxide in the flue gas. A fixed ratio between carbon dioxide and water vapor is no longer suitable for the calculation of the gas emissivity. Therefore, polynomials of the molar ratio of both radiating flue gas species represent the coefficients of the modified model. The emissivities calculated by this model are compared to emissivity data generated by the exponential wide band model. The heat transfer by radiation for a simplified, exemplary furnace is calculated for relevant atmospheres by computational fluid dynamics (CFD) software FLUENT using different models. The results show the suitability of the new model parameters to calculate the gas emissivity of Oxyfuel atmospheres with variable fractions of carbon dioxide and water vapor.
Introduction
Oxyfuel combustion is a promising technology regarding the mitigation of carbon dioxide emissions from coal-fired power stations. The fuel is burned with a mixture of oxygen and recirculated flue gas in order to increase the carbon dioxide concentration in the flue gas. Recirculated flue gas serves as the heat sink in Oxyfuel combustion as the nitrogen is seperated from the air prior to combustion by an air seperation unit. Apart from the excess oxygen and other impurities, the flue gas consists mainly of carbon dioxide and water vapor. Comprehensive overviews on coal-fired Oxyfuel combustion can be found in [1] and [2] .
Both carbon dioxide and water vapor emit and absorb radiation at certain wavelengths and account for the most part of gaseous heat radiation in combustion chambers. Other heteroatomic flue gas species as SO 2 and NO x are usually neglected in heat transfer calculations of combustion processes due to their low concentration. So-called band models divide the spectrum into bands of a certain width within which the emissivity is calculated, e.g. the exponential wide band model (EWBM [3] ). One distinguishes between narrow and wide band models depending on their spectral resolution. As band models are generally connected with a relatively high computational effort, several global correlations like the weighted sum of gray gases (WSGG) model were developed. Lallemant and Weber [4] demonstrated that the coefficients given by Smith et al. [5] for the WSGG model show the best agreement with the EWBM among several global models in a wide range of pressure path length. The WSGG model omits the wavelength dependency of the gas emissivity. The coefficients in [5] are commonly used in engineering software to calculate the gas emissivity. Coefficients for mixtures of water vapor and carbon dioxide with P w /P c = 1 and P w /P c = 2 with P w being 101.33 mbar (0.1 atm) are given in [5] . Both the partial pressure of carbon dioxide and the ratio between carbon dioxide and water vapor differ significantly from these assumptions in the case of Oxyfuel combustion leading to a poorer agreement between the WSGG model and the EWBM. Figure 1 shows the agreement between the total emissivities of a flue gas at 1000 K with a 15 % molar fraction of carbon dioxide and a 10 % molar fraction of water vapor generated from the WSGG according to [5] and the EWBM at different optical path lengths. Figure 3 shows similar results at 1500 K. The calculations are in very good agreement. However, for flue gas compositions assumed for Oxyfuel combustion the results of both models differ significantly. Figure 2 and Figure 4 show the deviations between both modeling approaches at 1000 K and 1500 K, respectively. The figures show the necessity to develop model coefficients for the WSGG that allow for the concentrations of carbon dioxide and water vapor in the flue gas of an Oxyfuel combustion process.
Gas emissivity models
The quality of WSGG emissivity correlations has been evaluated by several authors: Soufiani and Djavdan [6] compared the WSGG model and the statistical narrow band model for combustion applications. Lallemant and Weber [4] compared several global models with the EWBM in terms of total emissivity. In [7] global and narrow band models were evaluated for carbon dioxide, water vapor and mixtures of these two gases.
The main idea of the EWBM originates from the observation that only a certain number of strong absorbing bands in the infrared part of the spectrum contribute to the absorption by gases. The number of bands is reduced by regarding only the strong bands instead of single lines or a fixed spectral resolution like in narrow band models. The EWBM assumes exponential functions of the line intensity around a band center. The total emissivity is finally calculated by summing all band emissivities of a gas mixture times the blackbody radiation fraction of the respective band interval. As mentioned above, Smith's coefficients for the WSGG model show the best agreement with the EWBM in a wide range of pressure path lengths [4] . The model represents the total emissivity of the radiating species by summing a number of terms representing a gray emissivity:
where k i represents the absorption coefficient of the i-th gray gas and PS is the pressure path length of the radiating species. For gas mixtures, P is the sum of the partial pressures of the absorbing gases. The absorption coefficient for i = 0 is set to zero. Each term is multiplied by a weighting factor a İ,i (T) based on the gas temperature. Each weighting factor is represented by a temperature polynomial where b İ,i,j are the polynomial coefficients. As all weighting factors sum to unity, the weighting factor for the clear gas term i = 0 is given by:
The coefficients for the WSGG model in [5] were developed for the stoichiometric combustion of oil and methane for path lengths between 0.1 and 10 m as characteristic mean path length for combustion chambers. However, the partial pressure of carbon dioxide in the flue gas of an Oxyfuel flame is significantly higher and the partial pressure of water vapor varies in a wider range. For example a dry flue gas recirculation comes with a low water vapor concentration in the flue gas whereas a flue gas recirculation at temperatures above the water dew point, e.g. downstream the electrostatic precipitator, goes along with higher water vapor concentrations. Smith's coefficients, however, are valid only for fixed partial pressure ratios of the radiating flue gas species which leads to higher deviations between the emissivity data generated from the WSGG model and the EWBM for an Oxyfuel atmosphere. Although the influence of the partial pressure of carbon dioxide on emissivity is considered as neglibible in [5] , its approximately nine times higher concentration in an Oxyfuel atmosphere could lead to a poorer agreement with the wide band calculation. Figure 1 : At 1000 K; total emissivity of a gas mixture with molar fractions of 0.15 for carbon dioxide and 0.10 for water vapor corresponding to the flue gas of air-blown combustion generated from the EWBM and from the WSGG3+1 according to [5] Figure 2: At 1000 K; total emissivity of a gas mixture with molar fractions for carbon dioxide and for water vapour corresponding to the flue gas of different Oxyfuel combustion processes generated from the EWBM and from the WSGG3+1 according to [5] Figure 3: At 1500 K; total emissivity of a gas mixture with molar fractions of 0.15 for carbon dioxide and 0.10 for water vapor corresponding to the flue gas of air-blown combustion generated from the EWBM and from the WSGG3+1 according to [5] Figure 4: At 1500 K; total emissivity of a gas mixture with molar fractions for carbon dioxide and for water vapour corresponding to the flue gas of different Oxyfuel combustion processes generated from the EWBM and from the WSGG3+1 according to [5] 
New WSGG model parameters
A four gray gases plus one clear gas approach (WSGG4+1) allows for the high molar fractions of carbon dioxide and water vapor resulting from Oxyfuel combustion [8] . As the molar fractions of carbon dioxide and water vapor in Oxyfuel combustion depend on several factors, coefficients were generated from a curve fitting procedure in the range of 600 K to 2400 K with a 50 K increment and for different molar fractions of carbon dioxide. The idea to introduce model parameters depending on the molar fraction of carbon dioxide and water vapor was developed earlier by Johansson et al. [9] . They introduced linear relations of the molar ratio for both the absorption coefficients and the weighting factors. In our model only the weighting factors are represented by piecewise polynomials of the molar ratio ĭ, defined as the molar fraction of water vapor divided by the molar fraction of carbon dioxide:
The molar fraction of carbon dioxide is in the range of 0.3 to 0.9. The molar fraction of water vapor is taken as the difference between a value of 0.95 and the molar fraction of carbon dioxide, the remaining 5 % being nonradiating species as nitrogen or oxygen. The weighting factors of the exponential series of the WSGG, a İ,i (T), are calculated from temperature polynomials. The coefficients of the temperature polynomials are represented by piecewise molar ratio polynomials with M = 4:
where c İ,i,j,m are the coefficients for the molar ratio polynomials. The c-parameters are developed by a curve fit on the basis of the minimization of an objective function in a least square sense where t represents the temperature values from 600 K to 2400 K with a 50 K increment and l the optical path length (0.005, 0.015, 0.05, 0.15, 0.5, 1.5, 5, 15 and 50 m). The Nelder-Mead method (downhill simplex method) is applied to minimize the objective function ī for molar fractions of carbon dioxide in the range of 0.3 to 0.9 with a 0.01 increment. This corresponds to molar fractions of water vapor in the range of 0.65 to 0.05 and molar ratios in the range of 13/6 to 1/18 which likely covers all kinds of industrial Oxyfuel applications. A cubic spline represents the set of b İ,i,j determined for each molar ratio.
The spline consists of seven piecewise polynomials which are valid in certain molar ratio intervals. Figure 5 and Figure 6 show emissivity data for the above mentioned path lengths and temperature values generated from the EWBM according to [4] and the new WSGG4+1 approach. Both emissivity correlations are in very good agreement. Table 1 shows values for the error function ī at different molar ratios. Two molar ratios (30/55 and 10/75) do not correspond with the basic assumption of 5 % non-radiating species in the gas mixture. The fraction of non-radiating species as nitrogen and oxygen depends on the amount of false air leakage into the boiler, the flue gas path or air quality control system components during Oxyfuel operation and the overall stoichiometric ratio of the combustion process. Table 1 shows that the error function ī becomes much lower using the WSGG4+1 instead of Smith's WSGG coefficients in all cases. The ī of the WSGG4+1 becomes less than 2 % of the ī of Smith's WSGG approach for gas mixtures of carbon dioxide and water vapor with 5 % non-radiating species. The ī of the WSGG4+1 is still much lower if the molar fraction of non-radiating species is higher than 5 %.
The agreement between Smith's WSGG3+1 and the EWBM data depends on the path length. The value of the error function does not provide information about the agreement for a specific optical path. In general, the agreement is good for very small path lengths < 0.05 m but poor for path lengths > 20 m. Moreover, the agreement depends strongly on the partial pressure of water vapor in the flue gas mixture. For small fractions of water vapor < 10 % the agreement is poor especially for typical path lengths of industrial boilers between 5 and 15 m. Table 1 : Values of the error function ī at different ratios ĭ for the WSGG3+1 according to [5] and for the WSGG4+1 using polynomial coefficients from molar ratio splines. The molar ratios 30/55 and 10/75 do not correspond to the WSGG4+1 basic assumption of a 5 % molar fraction of non-radiating species.
Exemplary furnace
An exemplary, simplified furnace was modeled in order to investigate the heat transfer by radiation. The furnace size is 15 m x 22 m x 45 m and the mean beam length about 13 m. The furnace wall temperature is distributed according to a commercial boiler. The furnace walls are covered with a 1 mm thick ash layer with an emissivity of 0.6. The flue gas flows with an inlet temperature of 1600 K from the bottom to the top of the domain. The flue gas at the furnace outlet is assigned a constant emissivity of 0.7. The influence of the top surface boundary condition is dominant at the upper part of the furnace and the significance is limited between 37 and 45 m. Therefore, the upper part of the domain has been left out in the following figures. A pressure loss coefficient is assigned to the outlet at the top of the domain in order to consider the pressure loss of the tube banks above a combustion chamber. The fluid is assumed to be incompressible and involving friction. In addition to the Eulerian gas phase a Langrangian particle phase is accounted for with the discrete phase model. Turbulence is calculated with the standard k-İ-model. The radiation transfer equation is solved with the discrete ordinates method. The structured grid consists of approximately 236.000 hexahedral cells. Figure 7 shows a comparison of heat fluxes between a characteristic flue gas of conventional air-blown combustion with 15 % carbon dioxide, 10 % water vapor and a dust load of 25 g/m³ STP (reference line = 0), a nitrogen-particle mixture (N 2 + dust) and a characteristic flue gas without suspended ash or coal particles entering the domain. The calculation applies the WSGG3+1 with Smith's coefficients. The figure shows that neglecting the particle radiation leads to approx. 7 % lower heat fluxes. Neglecting the radiation by gases leads to approx. 5 to Figure 5 : Total emissivities as a function of temperature at different optical path lengths generated from the EWBM according to [4] (symbols) and the WSGG4+1 (lines); ĭ = 5/90; ī = 1.814 Â 10 -2 . Figure 6 : Total emissivities as a function of temperature at different optical path lengths generated from the EWBM according to [4] (symbols) and the WSGG4+1 (lines); ĭ = 30/65; ī = 1.919 Â 10 -2 .
15 % lower heat fluxes. This proves the necessity of an accurate modeling of the optical properties of the gaseous flue gas species as they contribute to a major part of the heat transfer by radiation. Figure 8 contains similar information for Oxyfuel firing. A characteristic Oxyfuel flue gas enters the domain with 65 % carbon dioxide, 30 % water vapor and 25 g/m 3 STP dust load. The gas emissivity is calculated by the EWBM (reference line = 0) and the WSGG4+1 approach. The figure shows both calculations in very good agreement with a relative error within ±0.2 %. The comparison of heat fluxes between the EWBM based and the WSGG4+1 based modeling regarding a dust-free flue gas and the same molar fractions of carbon dioxide and water vapor also shows a very good agreement along the front wall. Neglecting the radiation by particles leads to approx. 5 to 10 % lower heat fluxes depending on the furnace height and by this temperature. If gas radiation is neglected, i.e. nitrogen with suspended particles enters the furnace, the heat fluxes are approx. 10 to 15 % lower than in the reference case. Although there is a certain overlap of gas and particle radiation, an accurate modeling of the gas emissivity is crucial in order to calculate the heat transfer in the furnace. including suspended particles (Oxy EWBM+Dust), a nitrogen-particle mixture (N2+Dust) and a particle-free flue gas (Oxy EWBM) using the EWBM [4] compared to the modeling of a particle-free (Oxy WSGG) and particle-loaded (Oxy WSGG+Dust) Oxyfuel flue gas based on the modified WSGG4+1. 
Conclusions
The WSGG model is a commonly used global correlation to calculate total gas emissivities in engineering software tools. Oxyfuel combustion, i.e. the combustion of coal in a mixture of oxygen and recirculated flue gas, leads to high carbon dioxide and variable water vapor partial pressures in the flue gas. Coefficients for the WSGG model, however, have been developed for typical flue gas compositions of conventional air-blown combustion with a high concentration of non-radiating nitrogen. The formerly used emissivity correlations lead to discrepancies between total emissivities generated by a reference wide band model and the global modeling. Therefore, a modified WSGG model is required to achieve a reasonable agreement with the wide band correlation. Moreover, as the partial pressure of water vapor in the flue gas depends on several factors, the new coefficients are generated as a function of the molar ratio of water vapor and carbon dioxide in the flue gas. A piecewise polynomial represents the coefficients of the temperature polynomial to calculate the weighting factors of the WSGG model. The new coefficients are valid for partial pressures of water vapor and carbon dioxide adding up to 95 %, the remaining 5 % being non-radiating species. The data generated from the EWBM and the modified WSGG model is in very good agreement. Also for an assumed 10 % fraction of non-radiation species, the agreement remains very good. The fraction of non-radiating species in the flue gas depends on the air leakage into the boiler or the flue gas path and the stoichiometric ratio of the combustion process. The modeling of radiative heat fluxes for an exemplary furnace shows a very good agreement between the calculations based on the wide band and the global emissivity correlation, whereas the global modeling with coefficients for conventional air combustion according to [5] shows a rather poor agreement. Furthermore, the modeling shows that the heat flux to the wall is reduced by up to 15 % for both Oxyfuel and conventional firing if the radiation by gases is neglected. This shows that the gas species in the flue gas account for a significant part of the heat transfer by radiation and, thus, a precise modeling of the gas emissivity is required to achieve the same accuracy for both types of combustion. The increase in computational effort using the molar ratio correlations in the WSGG is very small. However, the general shortcomings of the WSGG model [7] are unaffected by the changes described above.
